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A Kondo semiconductor CeRu2Al10 with an orthorhombic crystal structure shows an unusual
antiferromagnetic ordering at rather high temperature T0 of 27.3 K, which is lower than the Kondo
temperature TK ∼ 60 K. In optical conductivity [σ(ω)] spectra that directly reflect electronic struc-
ture, the c-f hybridization gap between the conduction and 4f states is observed at around 40 meV
along the three principal axes. However, an additional peak at around 20 meV appears only along
the b axis. With increasing x to 0.05 in Ce(Ru1−xRhx)2Al10, the T0 decreases slightly from 27.3 K
to 24 K, but the direction of the magnetic moment changes from the c axis to the a axis. Thereby,
the c-f hybridization gap in the σ(ω) spectra is strongly suppressed, but the intensity of the 20-meV
peak remains as strong as for x = 0. These results suggest that the change of the magnetic moment
direction originates from the decreasing of the c-f hybridization intensity. The magnetic ordering
temperature T0 is not directly related to the c-f hybridization but is related to the charge excitation
at 20 meV observed along the b axis.
PACS numbers: 71.27.+a, 78.20.-e
Among rare-earth compounds, cerium (Ce) and ytter-
bium (Yb) compounds have various ground states such
as nonmagnetic heavy fermion (HF) state due to the
Kondo effect and magnetically ordered (MO) state. The
transition from HF to MO states is known to be deter-
mined as the energy valance between the Kondo effect
and the Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
action. The origin of the Kondo effect is the hybridization
between conduction band and localized 4f states, namely
c-f hybridization, derived from the Anderson model [1],
i.e., HF (MO) state appears in the region of the strong
(weak) c-f hybridization intensity. Since the HF and
MO phases are separated at a (quantum) critical point
as described in the Doniach phase diagram, the HF and
MO states do not appear coincidentally [2]. In the case
of the strong c-f hybridization intensity, some materials
have a tiny energy gap, namely c-f hybridization gap, at
the Fermi level (EF), which are referred to Kondo insu-
lators/semiconductors (KIs) [3, 4].
Owing to the strong c-f hybridization intensity, KIs re-
main non-magnetic states at low temperatures. However,
recently found compounds CeM2Al10 (M = Ru, Os),
anisotropic KIs with an orthorhombic structure [5, 6],
show an antiferromagnetic ordering at the relatively
higher temperature T0 ∼ 28 K [7], while they have an
energy gap at EF by the c-f hybridization [8]. Since
this T0 is beyond the de Genne scaling expected from
the ordering temperatures of the other RM2Al10s (R =
rare-earth) [9, 10], it is suggested that a novel interaction
other than RKKY-type interaction should be adopted.
So far after the first report, so many experimental stud-
ies have been performed to reveal the origin of the anoma-
lous magnetic ordering. The results from these studies
are summarized as follows: There is an anisotropic c-f
hybridization in CeM2Al10 (M = Fe, Ru, Os). The inten-
sity of the c-f hybridization in the ac plane is stronger
than that along the b axis [11–13]. Both the spin and
charge gaps appear below the temperature slightly higher
than T0 [2]. The magnetic moments direct to the c axis
at ambient pressure although the crystal field prefers the
moment to orient to the a axis [15].
In the σ(ω) spectra along the a and c axes, a c-f hy-
bridization gap (∆c−f ) is observed as same as these of
conventional KIs. On the other hand, along the b axis,
another gap (∆0) of a charge excitation appears below
T0 in addition to ∆c−f [2, 16]. The additional energy
gap possesses the similar structure of a superzone gap
owing to the band folding. The change of the electronic
structure is considered to be related to the high T0.
CeFe2Al10 has stronger c-f hybridization intensity
than CeM2Al10 (M = Ru, Os), and therefore has a non-
magnetic ground state as in conventional KIs [17]. Since
CeFe2Al10 does not have ∆0 along the b axis, the elec-
tronic structure of ∆0 along the b axis appearing in other
CeM2Al10s seems to be strongly related to the magnetic
ordering [11]. To clarify the relation of the magnetic or-
dering to the c-f hybridization as well as to the charge
excitation along the b axis, the electronic structure in a
system with weaker c-f hybridization should be investi-
gated. By the substitution of Rh for Ru in CeRu2Al10,
Ce(Ru1−xRhx)2Al10, not only electrons are doped in the
system with increasing x, but also the weaker c-f hy-
2FIG. 1. (Color online) Temperature-dependent reflectiv-
ity [R(ω)] spectra of Ce(Ru1−xRhx)2Al10 (x = 0, 0.03, 0.05)
along all principal axes. The R(ω) spectra of x = 0 are re-
ferred from Ref. [16].
bridization can be realized [1].
With increasing x in Ce(Ru1−xRhx)2Al10, T0 mono-
tonically decreases from 27.3 K to 24 K for x = 0.05 and
disappears at x ∼ 0.3 [19]. From magnetic susceptibility
measurements, Kondo, Tanida and coworkers reported
that the direction of the magnetic moment is strongly
related to the c-f hybridization. It was proposed that
the c-f hybridization intensity along the a axis drasti-
cally decreases by the Rh substitution at x ∼ 0.05 [1, 20].
However, it is not clear why the T0 remains up to x ∼ 0.3
although the c-f hybridization intensity is strongly sup-
pressed already at x ∼ 0.05.
In this paper, we report the variation of the
σ(ω) spectra as well as the electronic structure of
Ce(Ru1−xRhx)2Al10 (x = 0, 0.03, 0.05). The results
demonstrate that ∆c−f is strongly suppressed in between
x = 0.03 and 0.05, suggesting that the c-f hybridization
intensity drastically decreases. In contrast, the intensity
of ∆0 hardly decreases and still remains up to x = 0.05.
This change in ∆0 is in parallel with that of T0. These
findings suggest that the magnetic ordering is not directly
related to the c-f hybridization but related to the charge
excitations along the b axis at around 20 meV.
Single-crystalline samples of Ce(Ru1−xRhx)2Al10 (x =
0.03, 0.05) were synthesized by the Al-flux method [21]
and the surfaces were well-polished using 0.3 µm grain-
size Al2O3 lapping film sheets for the optical reflectiv-
ity [R(ω)] measurements. Near-normal incident polarized
R(ω) spectra were acquired in a very wide photon-energy
range of 2 meV – 30 eV to ensure accurate Kramers-
Kronig analysis (KKA) [22]. Martin-Puplett and Michel-
son type rapid-scan Fourier spectrometers (JASCO Co.
Ltd., FARIS-1 and FTIR6100) were used at the pho-
ton energy ~ω regions of 2 – 30 meV and 5 meV –
1.5 eV, respectively, with a feed-back positioning sys-
tem to maintain the overall uncertainty level less than
±0.5 % in the temperature range of 10 – 300 K [23].
To obtain the absolute R(ω) values, the samples were
evaporated in situ with gold, whose spectrum was then
measured as a reference. The obtained polarized R(ω)
spectra of all Ce(Ru1−xRhx)2Al10s in the photon en-
ergy range of 2 meV – 1 eV are plotted in Fig. 1 with
those of CeRu2Al10 (x = 0) referred from Ref. [16]. At
T = 300 K, R(ω) of CeRu2Al10 was only measured for
energies 1.2–30 eV by using synchrotron radiation, and
connected to the spectra of all Ce(Ru1−xRhx)2Al10s for
the KKA. In order to obtain σ(ω) via KKA of R(ω), the
spectra were extrapolated below 2 meV with a Hagen-
Rubens function, and above 30 eV with a free-electron
approximation R(ω) ∝ ω−4 [24].
σ(ω) spectra for ~ω ≤ 300 meV are shown in Fig. 2(a).
The wide-range R(ω) spectrum in Fig. 1 as well as
the σ(ω) spectrum hardly changes in the range of
~ω > 300 meV by temperature. Therefore the σ(ω) spec-
trum has temperature dependence only in the range of
~ω ≤ 300 meV. A broad peak observed at about 100 meV
in x = 0 originates from the optical transition from
the valence band to the unoccupied Ce 4f5/2 state [25].
Both the peak intensity and the temperature dependence,
which denote to the c-f hybridization character, imply
that the c-f hybridization intensity decreases with in-
creasing x. To clarify the temperature dependence, the
center of gravity
〈~ω〉 =
∫ ωmax
0
~ωσ(ω)dω/
∫ ωmax
0
σ(ω)dω
below 300 meV (= ~ωmax) is plotted in Fig. 2(b). The
figure shows that the 〈~ω〉s of x = 0 and 0.03 along all
principle axes have the same temperature dependence as
one another, however the 〈~ω〉 of x = 0.05 is almost
constant with temperature. These results suggest that
the c-f hybridization intensity of x = 0.03 is as same as
that of x = 0, but that of x = 0.05 is strongly reduced
from that of x = 0.03. The strong suppression of the c-f
hybridization at the low level substitution at x = 0.05
implies that this material could be a Kondo lattice sys-
tem, which is different from a single-site Kondo system
like YbB12 [26]. In between x = 0.03 and 0.05, T0 is al-
most constant but the direction of the magnetic moment
changes from the c axis to a axis. Since the magnetic mo-
ment along the a axis is larger than that along the c axis,
the flop of the magnetic moment direction is considered
to originate from the decreasing of the c-f hybridization
intensity. Namely, the magnetic moment direction along
the c axis of CeRu2Al10 at ambient pressure is owing to
the strong c-f hybridization intensity. However, since the
T0 is almost constant for x ≤ 0.05, the magnetic moment
3FIG. 2. (Color online) (a) Temperature-dependent optical
conductivity [σ(ω)] spectra of Ce(Ru1−xRhx)2Al10 (x = 0,
0.03, 0.05) along all principal axes in the photon energy region
below 300 meV. (b) The centers of gravity [〈~ω〉] of the σ(ω)
spectra are plotted as a function of temperature.
direction seems to be not important to the magnetic or-
dering, but the direction is determined by the anisotropic
c-f hybridization intensity.
Next, we focus on the energy gap structures. The
temperature dependence of the σ(ω) spectrum for
~ω ≤ 65 meV is shown in Fig. 3. In this region, sharp
peaks due to transverse optical phonons are observed at
around 20 meV. These peaks become broad with increas-
ing x, indicating that the life time of the phonons become
shorter with decreasing x. Note that the peak broadening
does not originate from the disorder of substituted ele-
ments because the electronic specific heat of CeRu2Al10 is
not varied by the substitution of elements with the same
valence [1]. This originates in the increase of the inter-
action between carriers and phonons. It means that the
carrier number reasonably increases with increasing x.
Since the shoulder structures pointed by thick arrows at
lower temperatures originate from the optical transition
across the c-f hybridization gap, the energy of the shoul-
der edge corresponds to the twice of the c-f hybridization
energy [27]. The shoulder structure does not change from
x = 0 to 0.03. However, it disappears at x = 0.05, indi-
cating that the c-f hybridization is strongly suppressed at
x = 0.05. This result is consistent with the temperature-
independent 〈~ω〉 of the mid-IR peak in Fig. 2 and also
the result of the high-field magnetic susceptibility [20].
At x = 0.05, the energy gap along the a and c axes ob-
viously disappears and then the σ(ω) spectra change to
metallic. On the other hand, along the b axis, a broad
peak structure at ~ω ∼ 20 meV remains. The peak en-
ergy is obviously different from the c-f hybridization gap
size of about 40 meV but is as same as the 20-meV peak
of x = 0 and 0.03, i.e., the c-f hybridization gap disap-
pears but the 20-meV peak remains for x = 0.05. The
appearance of the peak at ~ω ∼ 20 meV for x = 0 has
been discussed to be related to the magnetic ordering at
T0 [2, 16, 28]. Since the magnetic ordering occurs at the
similar temperature of T0, the 20-meV peak is confirmed
to be related to the magnetic ordering. Note that a peak
at ~ω ∼ 20 meV is recognized for the c axis of x = 0.05.
The peak can be regarded as the absorption peak due to
TO phonons because of the same energy of the peaks in
x = 0 and 0.03.
The x-dependence of the electronic structure along the
b axis is discussed because the b-axis electronic structure
plays an important role in the magnetic ordering and the
σ(ω) spectra as well as the electronic structures along the
FIG. 3. (Color online) Temperature-dependent optical con-
ductivity [σ(ω)] spectra of Ce(Ru1−xRhx)2Al10 (x = 0, 0.03,
0.05) along all principal axes in the photon energy range be-
low 65 meV. Vertical arrows indicate the optical transitions
across the c-f hybridization gap.
4FIG. 4. (Color online) (a) σ(ω) spectra along the b axis
at 10 K and the fitted lines of one Drude and three Lorentz
functions. The three Lorentz functions are assumed as a peak
appearing below ∼ T0, the interband transition (IB) in the c-f
hybridization gap, and higher interband transition from lower
energy side. (b) Obtained effective electron numbers of the
Drude, ∆0, and ∆c−f components and the magnetic ordering
temperature T0 as a function of the Rh-substitution x. Note
that, at x = 0.03, two magnetic ordering temperature at 23.5
and 25.5 K reported in Ref. [1] are plotted.
a and c axes do not change across T0 [2] . In Figure S2(a),
the σ(ω) spectra of x = 0, 0.03, 0.05 along the b axis at
T = 10 K are fitted by using the combination of four
Lorentz functions:
σ(ω) =
3∑
i=0
N∗i e
2τiω
2
m0(ω2i − ω
2)2τ2i + ω
2
.
Here, i = 0 indicates a Drude component with ω0 = 0
presenting the existence of carriers. m0 denotes the elec-
tron rest mass, N∗0 , N
∗
1 , N
∗
2 , and N
∗
3 are the effective elec-
tron numbers and τ0, τ1, τ2, and τ3 the relaxation times
of Drude, ∆0, ∆c−f , and higher interband transition, re-
spectively. ω1, ω2, and ω3 are the resonant frequencies of
the Lorentz absorption. Fitting results along the a and
c axes are shown in the supplemental Figs. S1 and S2.
The fitting was performed by using fixed parameters of
the peak centers of ω1 and ω2 and the widths of τ1 and τ2
for the ∆0 and ∆c−f , respectively, in the assumption that
the gap energies and shapes are reasonably constant with
different x. The higher interband transitions were fitted
at the slope at ~ω ∼ 140 meV. The obtained values of
the effective electron number N∗ and T0 [1] as a function
of x are plotted in Fig. S2(b). Note that, at x = 0.03,
two magnetic ordering temperatures at 23.5 and 25.5 K
that have been reported [1] are plotted in Fig. S2(b).
From Figure S2, the following results can be obtained:
With increasing x, the intensity of the Drude component
increases, the carrier density increases significantly be-
tween x = 0.03 and 0.05. In this x region, on the other
hand, the ∆c−f peak intensity suddenly decreases. These
results suggest that the c-f hybridization gap is suddenly
collapsed and then the carrier density rapidly increases
from x = 0.03 to 0.05. This implies that the electronic
structure does not rigidly shift by the Rh substitution.
On the other hand, the intensity of ∆0 monotonically
and slightly decreases with increasing x. The decrease
of ∆0 is in parallel with the decreasing T0. Therefore,
as discussed so far, not the c-f hybridization but the
electronic structure producing the ∆0 peak is strongly
related to the magnetic ordering at T0.
Finally, let us discuss the origin of the magnetic order-
ing. We got the conclusion that the magnetic ordering
is not directly related to the c-f hybridization. In the
σ(ω) spectra, there is a charge excitation gap along the
b axis, in addition to the c-f hybridization gap along all
three axes. The gap along the b axis is similar to the gap
structure with a peak observed in materials with charge-
density waves and spin-density waves [29, 30], namely
a superzone gap owing to a band folding. Similar peak
structure also appears in the σ(ω) spectrum of URu2Si2
at the hidden-order (HO) phase [31]. At the HO phase,
the order parameter had not been revealed for a long
time [32]. However, recently the lattice symmetry break-
ing has been observed by using a high-resolution X-ray
diffraction using synchrotron radiation [33]. Then, the
peak structure in the σ(ω) spectrum in the HO phase
is considered to be associated with a lattice distortion.
In CeOs2Al10, the superlattice structure has been ob-
served by using an electron diffraction [21]. However no
other obvious result has been obtained yet. Therefore the
change of the b-axis electronic structure might originate
from the same as that of the HO state of URu2Si2. Fu-
ture high-resolution X-ray diffraction and other precise
experiments may reveal the lattice distortion along the b
axis of CeM2Al10 systems, which is similar to that of the
HO phase of URu2Si2.
To summarize, the relation between the c-f hy-
bridization intensity and the unusual magnetic or-
dering of CeRu2Al10 has been investigated by using
the optical conductivity spectra of the electron doped
Ce(Ru1−xRhx)2Al10 (x =0, 0.03, 0.05). Both the c-
f hybridization gap at ~ω ∼ 40 meV and the mid-IR
peaks at around 100 meV were clearly observed in the
range x ≤ 0.03, but almost disappear at x = 0.05. This
suggests that the c-f hybridization is rapidly suppressed
with increasing x from 0.03 to 0.05. Since the magnetic
moment direction changes from the c axis to a axis at
the Rh substitution content, the change is considered to
originate from the decreasing of the c-f hybridization in-
tensity. On the other hand, the magnetic ordering tem-
5perature T0 slightly decreases from 27.3 K to 24 K. The
x dependence is similar to that of the additional peak
along the b axis observed at around 20 meV. Therefore,
we conclude that the magnetic ordering is not directly
related to the c-f hybridization but is induced by the
electronic structure producing the 20 meV-peak.
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FITTING RESULTS ALONG a AND c AXES
Figures S1 and S2 show Drude and Lorentz fitting re-
sults of Ce(RuxRh1−x)2Al10 (x = 0, 0.03, 0.05) at 10 K
along the a and c axes, respectively. In both axes,
one Drude and two Lorentz components [∆c−f and a
higher interband transition (IB)] are assumed because
no peak feature appears at the energy of ∆0 along the
b axis as shown in Fig. 4. Note that there is a peak at
~ω ∼ 20 meV for the c axis of x = 0.05. The peak is
not the same as ∆0 along the b axis but originates from
the TO phonons because of the same energy of the TO
phonon peaks for x = 0 and 0.03 as shown in Fig. 3. The
intensity of the Drude component increases slightly from
x = 0 to 0.03 and rapidly from 0.03 to 0.05, and the
∆c−f peak intensities along the both axes behave oppo-
sitely, which is the same way as along the b axis. These
x dependences are different from that of T0 [1]. There-
fore the σ(ω) spectra as well as the electronic structures
along the a and c axes are concluded not to be related to
the magnetic ordering at T0, which is the same as that
in Ref. [2].
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7FIG. S1. (Color online) (a) σ(ω) spectra along the a axis
at 10 K and the fitted lines of one Drude and three Lorentz
functions. The two Lorentz functions are assumed as the in-
terband transition in the c-f hybridization gap (∆c−f ) and
higher interband transition (IB) from lower energy side. (b)
Obtained effective electron numbers of the Drude and ∆c−f
components and the magnetic ordering temperature T0 as a
function of the Rh-substitution x. Note that, at x = 0.03, two
magnetic ordering temperature at 23.5 and 25.5 K reported
in Ref. [1] are plotted.
FIG. S2. (Color online) Same as Fig. S1, but for E ‖ c.
